Abstract An argon atmospheric pressure plasma jet was employed to treat L929 murine fibroblasts cultured in vitro. Experimental results showed that, compared with the control cells, the treatment of fibroblasts with 15 s of plasma led to a significant increase of cell viability and collagen synthesis, while the treatment of 25 s plasma resulted in a remarkable decrease. Exploration of related mechanisms suggested that cold plasma could up-regulate CyclinD1 gene expression and down-regulate p27 gene expression at a low dose, while it could down-regulate CyclinD1 expression and up-regulate p27 expression at a higher dose, thus altering the cell cycle progression, and then affecting cell viability and collagen synthesis of fibroblasts.
Introduction
In recent years, cold plasma generated by gas discharge under atmospheric pressure as a potential way to treat wounds has gained much interest, because it offers a painless and harmless therapy to manage largearea lesions (such as burn wounds and chronic ulcerations) [1, 2] . In addition, cold atmospheric-pressure plasma jet (APPJ) has drawn much attention from researchers worldwide and has been applied in the treatment of living tissues [3] . Cold APPJ has several advantages: its setup is simple; it can be operated flexibly; and it is safe to directly touch living tissues [3, 4] . Studies discovered that a certain dose of cold plasma could promote wound healing [3,5−8] . However, the detailed mechanisms in the cellular and molecular levels are still not fully understood. It was reported that cold plasma might speed up the healing process by reducing the bacterial load in chronic infected wounds [3, 8, 9] . We deem that the reduction of the bacterial load in wounds is just an external cause in wound healing, while the internal cause may be the enhancement of viability and the ability of cells involved in the process of wound healing, such as keratinocytes, leukocytes, lymphocytes, monocytes, neutrophils, and fibroblasts [10] . Recent studies showed that cold plasma could enhance the healing process by stimulating cell growth of human monocytes [10] and up-regulating the expression of wound healing related genes of human keratinocytes [11] We thus hypothesize that cold plasma may promote wound healing on the living body by inducing the enhancement of viability and collagen synthesis of fibroblasts. Fibroblasts are the major cell type involved in the process of wound healing on skin and other soft tissues. It can produce collagen, mainly type I (85%-90%) and type III (10%-15%) collagen to participate in tissue repair [12, 13] . In this study, cold APPJ was used to treat murine fibroblasts cultured in vitro, in order to explore the molecular mechanism of cold plasma on cell viability and collagen synthesis. Firstly, changes of cell viability were measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and hydroxyproline (an indicator for collagen synthesis) synthesized by fibroblasts was determined with alkaline hydrolysis. Secondly, cell cycle distribution of fibroblasts was examined with propidium iodide (PI) staining assay. Thirdly, the expressions of CyclinD1, p27, colla-gen I and collagen III at transcription and protein levels were detected with real-time fluorescent quantitative polymerase chain reaction (PCR) and Western blotting respectively. The study was conducted in the hope of providing the theoretical foundation of repairing wound tissues with cold plasma.
Experimental arrangement

APPJ setup
The cold APPJ used in this study was generated in argon with a co-axial double ring electrodes configuration, which is shown in Fig. 1 . Two copper-ring electrodes (both 50 µm-thick copper foils and 1.0 cm width) were wrapped around a quartz tube, which served as the barrier dielectric and airflow channel. The two electrodes were separated, and the downstream electrode was 1.0 cm away from the quartz tube. The quartz tube was 0.1 cm thick, and the inner diameter was 1.0 cm. During all experiments, the argon flow rate remained 1.5 standard litres per minute (slm), the peak voltage was 8 kV, and the frequency was 36 kHz. The APPJ was generated around the outlet of the quartz tube, and the length of the effluent plasma jet was about 2 cm from the nozzle. The applied voltage was measured with a high voltage probe (Tektronix Tek6015A, band width of 75 MHz and dividing ratio of 1000), and the discharge current was detected with a current probe (Pearson 410). The waveforms were recorded with a digital oscilloscope (Tektronix TDS 4034, band width of 350 MHz and sampling rate of 2.5 GSa/s). The discharge power was calculated by Lissajous figure [14] , which was 1.06 W at 8 kV applied voltage, and the density was 1.35 W/cm 2 . The temperature of plasma jet, varied from 25
• C to 35
• C, similar to room temperature, was measured by a thermal infrared imaging viewer (Thermal CAM P30, FLIR).
Cell culture
Murine fibroblast cell line L929 was supplied from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). The cells were placed into 25 cm 2 tissue culture flasks and grown in a fresh culture medium in an incubator containing a humidified atmosphere of 95% air and 5% CO 2 at 37
• C. The culture medium was composed of 50% Dulbecco's modified Eagle's medium (DMEM) with high glucose (4.5 g/L, Gibco, Grand Island, NY, USA), 50% Ham's F12 (Gibco), 10% fetal bovine serum (Gibco), 0.9% penicillin/streptomycin (10 000 U/10 000 µg/mL, Biochrom AG), and 0.5% Lglutamine (200 mM in 0.85% NaCl solution, BioWhittaker, Verviers, Belgium). The culture medium was changed every two days. After 45 days of incubation when the cells reached 85% -90% confluency, they were detached with 0.25% trypsin (Gibco, Invitrogen, CA, USA) solution in phosphate-buffered saline (PBS), and transferred to a sterile 96-well plate (Greiner Bio One, NC, USA), with 200 µL in one well.
Plasma treatment
The experiment was conducted in the super-clean bench in atmospheric argon with a purity of 99.99%. Before plasma treatment, cells were suspended in 200 µL culture media (1×10 5 /mL) in a 96-well plate, which was then uncovered and the cells were treated with a plasma jet for different durations. The tip of the plasma jet just touched the cell suspension, and the upper layer of the liquid was shaken mildly to make sure no liquid splashed out. Different samples were exposed to plasma treatment for 0 s (control), 5 s, 10 s, 15 s, 20 s, and 25 s. After plasma treatment, the plate was covered and immediately placed in a CO 2 incubator at 37
• C for 72 h. Then, cell viability and collagen synthesis of fibroblasts were assessed. After that, a series of experiments were performed to explore the related molecular mechanism.
MTT assay
After being treated with cold plasma, fibroblasts were incubated at 37
• C in a humidified atmosphere with 5% CO 2 for 72 h. Six hours before the end of incubation, 20 µL MTT (Sigma, St. Louis, MO) was added into each well, and cells were incubated for another 6 h. Then, the medium was discarded, and 100 µL dimethyl sulphoxide (Sigma, St. Louis, MO, USA) was added to dissolve formazan crystals. Finally, the optical density (OD) value of each well was determined using a microplate reader (Tecan Spectra, Grodig, Austria) at a test wavelength of 490 nm.
Detection of hydroxyproline synthesized by fibroblasts
Hydroxyproline, which does not exist in other proteins, is an important and content-stable (13.4%) amino acid in collagen protein. Therefore, the hydroxyproline content in a cell culture medium can serve as an index reflecting the collagen synthesis ability of fibroblasts.
In our study, after fibroblasts were treated with cold plasma, they were incubated at 37
• C in a humidified atmosphere with 5% CO 2 for 72 h. Then cell suspension was diluted 5 times with PBS and transferred into a centrifugal tube, which was centrifuged at 2000 rpm for 10 min. After the supernatant was collected, hydroxyproline concentration in the solution was determined using a hydroxyproline test kit (Nanjing Jiancheng Biological Engineering Institute, Nanjing, China). The experimental method is as follows: the oxidation products of hydroxyproline react with dimethylaminobenzaldehyde, and form a pyrrole compound, which is ubergine, and its absorption apex is at 550 nm of wavelength. A standard solution of 5 µg/mL hydroxyproline served as the standard control, and distilled water as the blank control. The measurement was performed according to the manufacturer's protocol, and the absorbance of each group was measured photometrically at 550 nm with a microplate reader (Tecan Spectra, Grodig, Austria). Hydroxyproline concentration (C t , µg/mL) was calculated with the following formula:
where OD t was the absorbance of a test tube, OD b the absorbance of a blank tube, and OD s the absorbance of a standard tube; C s , the concentration of the standard tube, was 5 µg/mL.
Analysis of cell cycle
PI staining assay was conducted to examine cell cycle distribution of fibroblasts. Based on the fact that the DNA contents are varied in different cell cycle phases, the experiment was to determine the phases of a cell cycle by detecting the changes of fluorescence intensity of DNA using PI staining. After the treatment, cells were incubated at 37
• C in a humidified atmosphere with 5% CO 2 for 72 h. Then, cells were harvested by brief trypsinization, washed twice with prechilled PBS, and resuspended in 100 µL PBS at a concentration of 1×10 6 cells/mL. After that, each cell sample was fixed by 70% (v/v) ethanol and stored at 4
• C for 24 h. Prior to cell cycle analysis, the cells were rinsed twice with PBS and resuspended in 1 mL of a cold staining solution containing 20 µg/mL PI and 10 µg/mL RNase. After incubation for 30 min at 25
• C in the dark, cells were immediately analyzed by flow cytometry (Becton Dickinson, Mountain View, CA, USA). The percentages of cells in G0/G1, S, and G2/M phase were determined using ModFit LT software (Becton Dickinson Biosciences, CA, USA).
Real-time quantitative PCR analysis
Total RNA was extracted from cells treated with different treatment durations using Trizol reagent (Invitrogen, Valencia, CA, USA) according to the manufacturer's protocol. After spectrophotometric quantification, 800 ng of the total RNA in a final volume of 20 µL was used for reverse transcription. We used SYBR Green Supermix with an iCycler thermal cycler (Bio-Rad, Hercules, CA, USA) to perform the Realtime PCR assay to detect the expressions of CyclinD1, p27, collagen I and collagen III at gene level. The principle was that SYBR Green I, a DNA intercalating agent with no known mutagenicity and lower necessary concentration than ethidium bromide, could only emit very dim fluoresce in the unbounded state, but would emit strong fluoresce once bounded with doublestranded DNA. Therefore, the target gene could be quantitatively measured by detecting the intensity of the fluoresce in the PCR reaction liquid. The reaction system (20 µL) contained the corresponding cDNA, forward and reverse primers, and SYBR Green PCR Supermix. All data were analyzed using β-actin gene expression as an internal standard. Primers 
Western blot assay
Western blot assays were used to detect the protein expressions of the cyclinD1, p27, collagen I and collagen III. This analysis was performed according to the previously described method [15] . Briefly, each protein (50 µg) was separated by SDS-PAGE and then transferred onto polyvinylidene difluoride membranes. The membranes were incubated with rabbit anti-Cyclin D1 antibody (1:1000) (Amresco, Inc., Boston, USA), rabbit anti-p27 antibody (1:1000) (Amresco, Inc., Boston, USA), rabbit anti-collagen I antibody (1:1000), collagen III antibody (1:1000) or rabbit anti-β-actin antibody (1:500) (Amresco, Inc., Boston, USA) and then with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (1:5000) (Wuhan Boster Biological Technology, Ltd.). The membranes were assessed with a chemiluminescence kit (ECL Plus, Amersham, Freiburg, Germany). Finally, the integral optical density (IOD) ratio of each objective strip and internal reference (β-actin), the indicator for semi quantitative analysis of protein expression, was calculated.
Statistical analysis
Each experiment was performed at least in triplicate. All data were processed with the Statistical Product and Service Solutions Version software (Version 13.0 for Windows). Data of experimental results were shown as mean ± standard deviation (x ± s) and analyzed with the randomized block one way analysis of variance (ANOVA). P < 0.05 was considered statistically significant.
Results
Cell viability
As the MTT assay detects mitochondrial dehydrogenase activity which produces the resulting formazan in living cells, OD represents the living cell numbers. Fig. 2 shows the effect of cold plasma on the cell viability of fibroblasts. Here, the OD value was normalized to be 1 in the control group. The results indicated the OD value increased initially and reached its peak at 15 s of plasma treatment, and then decreased when the exposure extended. The OD values of 10 s and 15 s treatment were both significantly higher than that of the control group (P < 0.05), while the OD value of 25 s treatment reduced significantly compared with the control (P < 0.05). 
Content of hydroxyproline in supernatant of cultured fibroblasts
The concentration of hydroxyproline in the supernatant of cultured fibroblasts after different plasma treatment durations was assessed (Fig. 3) . The results indicated that the change of the hydroxyproline content was similar to that of cell viability. The hydroxyproline content gradually increased from 4.15 ± 0.52 µg/mL to 10.08 ± 0.92 µg/mL during the inception period of 15 s, and then decreased as the exposure prolonged. The hydroxyproline content of fibroblasts treated for 10 s and 15 s was markedly higher compared with that of the control (P < 0.05). However, when fibroblasts were treated for 25 s, the hydroxyproline content was remarkably lower (P < 0.05). Fig.3 Hydroxyproline content in supernatant of cultured fibroblasts after different plasma application times. The error bars show the standard deviation.
* P < 0.05 vs control
Phase changes in cell cycle induced by cold plasma
To explore the possible mechanism of cold plasma affecting cell viability and collagen synthesis of murine fibroblasts, we examined the cell cycles of fibroblasts. The results of cell cycle assay are presented in Table 1 . It indicated that, with longer exposure, the percentage of cells at the G0/G1 phase gradually increased; the percentage of cells at the S phase firstly increased, reached the peak at 15 s treatment, and then decreased; the percentage of cells at the G2/M phase firstly decreased, reached the minimum level at 15 s treatment, and then increased. Compared with the control, in the 15 s treatment group, the percentage of cells significantly increased at the S phase (P < 0.05), while remarkably decreased at the G2/M phase (P < 0.05). In the 25 s treatment group, the percentage of cells displayed a significant decrease at the S phase (P < 0.05), but a remarkable increase at the G2/M phase (P < 0.05).
Gene expression of CyclinD1, p27, collagen I and collagen III
In an attempt to understand the effect of molecular events involved in cell cycle progression, we investigated the effect of cold plasma on the expressions of CyclinD1 and p27 genes that are pivotal for cell cycle regulation. In addition, we detected the effect of cold plasma on the expressions of collagen I and collagen III because they were mediated by CyclinD1 and p27 genes. The results of real-time quantitative PCR analysis are shown in Fig. 4 . Here, the gene expressions were normalized to be 1 in the control group. The results clearly illustrated that the gene expression of CyclinD1, collagen I and collagen III increased when the exposure time was less than 15 s, and then decreased as the exposure extended. Compared with that of the control, the gene expressions of CyclinD1 and collagen I in the 15 s treatment group significantly increased (P < 0.05); the gene expression of collagen III in the 10 s and 15 s treatment groups markedly increased (P < 0.05); the gene expressions of CyclinD1, collagen I and collagen III in the 25 s treatment group significantly decreased (P < 0.05). However, the gene expression of p27 decreased firstly and then increased, showing an opposite changing trend to the other genes. The gene expression in the 15 s treatment group significantly decreased (P < 0.05), while that in the 20 s and 25 s treatment groups significantly increased (P < 0.05).
Protein expression of CyclinD1, p27, collagen I and collagen III
The results of Western blotting of fibroblasts treated with plasma are shown in Figs. 5 and 6 . The expressions of CyclinD1, collagen I and collagen III protein increased initially, reached the peak at 15 s of treatment, and then decreased, while the expression of P27 decreased first, reached the minimum level at 15 s of treatment, and then increased (Fig. 5). Fig. 6 displays the results of statistical analysis, in which the IOD ratios of the protein expressions were normalized to be 1 in the control groups. For CyclinD1, collagen I and collagen III, when compared with the control, a noted increase was observed in the protein expression in the 15 s treatment group (P < 0.05) and a remarkable decrease was detected in the 25 s treatment group (P < 0.05). For P27, compared with the control, the protein expression was significantly lower in the 15 s treatment group (P < 0.05), but remarkably higher in the 20 s and 25 s treatment groups (P < 0.05). 2 ) and a high dose (60 s and above or 8 J/cm 2 ) resulted in cell death [16] . Their findings are consistent with our experimental results. As shown in Figs. 2 and 3, when the treatment lasted for 15 s, cold plasma promoted cell viability and hydroxyproline synthesis of murine fibroblasts, but when the treatment was 25 s, the cold plasma inhibited cell viability and hydroxyproline synthesis of murine fibroblasts. Results from Figs. 2 and 3 indicated that cold plasma at a low dose might be used to treat wounds in the living body.
Cell viability is controlled by cell cycle progression comprising four defined phases, namely, G1 (gap1, presynthesis phase of DNA, non proliferation status of G1 cells are G0 cells), S (DNA synthesis), G2 (gap2, latesynthesis phase of DNA), and M (mitosis). Normal cell cycle can ensure that DNA is accurately duplicated in the S phase, when two sets of identical chromosomes are produced [17] . Studies by Hensel et al. and Volotskova et al. reported that, a certain dose of cold plasma could cause cell cycle block at the G2/M phase in normal cells (monkey kidney epithelial cells) [18] and cancerous cells (mouse skin cancer cells) and then impact their viability [19] . In our study, with 15 s treatment, the cell percentage showed a significant increase at the S phase and a remarkable decrease at the G2 phase, suggesting that DNA duplication was active, which contributed to the increase of cell viability (see Table 1 ). The effect of 25 s treatment on the cell cycle indicated that a large dosage of LTP might induce G2/M cell cycle arrest, leading to apoptosis or necrosis.
To further analyze the molecular mechanism by which plasma treatment caused the changes of viability and collagen synthesis of fibroblasts, we have evaluated cycle-related genes (CyclinD1 and p27) and collagenrelated genes (collagen I and collagen III) at their transcription and protein levels respectively. Genes in cells with different cell cycles are selectively transcribed into mRNA and then translated into protein to perform different biological functions. G1/S transition is the main regulatory site of cell growth, and there are checkpoints in G1/S transition, which are regulated by a series of genes [20] . It is known that CyclinD1 and p27 are two crucial regulators that control the cell cycle from the G1 phase to the S phase. CyclinD1 initiates DNA synthesis by controlling the sequential activation of cyclindependent kinases (CDKs), promoting cells to enter the S phase from the G1 phase. On the contrary, P27 inhibits the binding of different types of cyclin with CDK, or curbs the activation of cyclin/CDK complexes, thus impeding cells to enter the S phase from the G1 phase [21] .
In Figs. 4, 5 and 6, at transcription and protein levels, expressions of CyclinD1, collagen I and collagen III increased with 15 s plasma treatment, compared with those of the control, while expression of p27 showed a significant decrease. When the exposure time was 25 s, expression of p27 increased significantly, while expressions of CyclinD1, collagen I and collagen III decreased significantly. The changing trend of expressions of collagen I and collagen III was consistent with that of CyclinD1. It suggested that cold plasma at a low dose could up-regulate the expression of CyclinD1 and down-regulate p27 at transcription and protein levels, leading to the acceleration of cell cycle progression from the G1 phase to the S phase (increased DNA synthesis in S phage). Finally this alteration of the cell cycle resulted in the increase of cell viability and collagen synthesis. However, a high dose of plasma treatment (exposure time was more than 25 s) could cause opposite results, namely, inhibition of cell viability and collagen synthesis.
It is well known that most likely "active agents" in cold plasma are the reactive chemical species, especially reactive oxygen and nitrogen species (RONS), such as OH radical, NO, excited-state oxygen atom, and so on [22, 23] . Our previous work has confirmed that APPJ used in the present study contained OH, O and NO. NO is a versatile signal molecule which promotes many processes, including cell growth and collagen synthesis in tissues at low concentration (nmol/L level) [24] . Other reactive species such as OH radical and excitedstate oxygen atom could induce cell proliferation at low concentration while induce cell death at high levels [25] . Since tissues and cells are immersed in liquid, studies have mostly focused on the interaction of the cold plasma with a liquid medium [26, 27] . RONS produced in cold plasma in the gas phase could react with water and produce various RONS in the liquid phase such as those with a long lifetime including hydrogen peroxide (H 2 O 2 ), ozone (O 3 ), and nitrate ion (NO − 3 ) as well as short-lived reactive species including OH radical, superoxide anion (O − 2 ), and singlet oxygen [28−30] . Furthermore, some of these RONS such as H 2 O 2 and O − 2 in the liquid phase could enter cells possibly by diffusion or induce new species within the cells [26, 31] . As low dose plasma contains low concentration RONS, and high dose plasma contains high concentration RONS, we hypothesize that the concentration of RONS determines the effect of cold plasma on cell viability and collagen synthesis in cultured fibroblasts. The detailed effects and mechanisms of RONS in cold plasma on CyclinD1 and p27 genes will be explored in our future work.
Conclusions
The results indicate that cold plasma has dual effects on cultured fibroblasts in vitro. The dose of cold plasma determines the cell viability and collagen synthesis in cultured fibroblasts will increase or decrease. Low dose plasma can enhance the cell viability and collagen synthesis, while high dose plasma can inhibit them. The possible mechanism is that plasma can regulate the expressions of cycle-related genes, CyclinD1 and p27, and then alter the cell cycle progression. Furthermore, APPJ used in our study is operated in the open air at room temperature, therefore this device may have potential to treat wound tissues in the living body.
